Abstract. Vanadium dioxide (VO 2 ) films were grown on c-and m-plane sapphire substrates by pulsed laser deposition (PLD) technique with VO 2 ceramic target. The VO 2 films with preferred growth orientation and uniform dense distribution have been achieved on both substrates, as confirmed by X-ray diffraction (XRD) and field emission scanning electron microscopy (FE-SEM). The terahertz (THz) transmission properties of VO 2 thin films were studied by terahertz time-domain spectroscopy (THz-TDS). The results indicate that the THz transmission properties of VO 2 films are strongly influenced by the sapphire substrate orientation, suggesting that VO 2 films are ideal material candidates for THz modulation.
Introduction
VO 2 has attracted tremendous interest for several decades due to their particular metal to insulator transition (MIT) near room temperature [1] . Below this transition temperature, it is a narrow gap (0.7 eV) semiconductor, while at temperatures above 340 K, it exhibits metallic properties. Single crystal VO 2 exhibits an abrupt change of electrical resistivity up to five orders of magnitude within 0.1℃ at a temperature of ~340 K, accompanied by concomitant changes in the observed optical properties, e.g., transmission and reflectivity, especially in the THz and far infrared (IR) spectral ranges [2] [3] [4] . These properties render VO 2 a promising candidate for a number of interesting applications in electronics and photonics. VO 2 films are thus excellent materials for technological applications such as optical switching devices, un-cooled IR microbolometers, optical recording devices, switchable/tunable microwave devices, infrared sensors, and energy efficiency smart windows for buildings [5] [6] [7] . Although various attempts have been focused on the improvement of the MIT characteristics in VO 2 films grown on sapphire substrates under different growth conditions, the effects of the substrate orientation remain essentially unexplored.
In this work, we performed a detailed investigation on the morphological, structural and optical properties of VO 2 thin films grown on c-and m-plane sapphire substrates under identical growth conditions by PLD method. It is well known that sapphire is a suitable substrate for epitaxial growth of VO 2 thin films, and it is widely available and highly transparent in the THz range. It was found that the substrate orientation has a profound effect on the THz transmission properties of the VO 2 films. VO 2 films grown on m-plane sapphire substrate exhibited lower transmission intensity when compared to similar sample grown on c-plane sapphire substrate.
Experimental procedure
VO 2 thin films were prepared on c-and m-plane sapphire substrates using the PLD technique (KrF pulsed laser, 248 nm wavelength with a 10 Hz pulse frequency) with a pure VO 2 ceramics target (99.99% purity). The base pressure of the PLD chamber was ~10 −5 Pa. During the VO 2 films deposition, the substrate temperature was kept at 600℃ and the oxygen pressure was controlled by a mass flow controller. The target and the substrate were both rotated to improve the uniformity of the prepared films. The deposition rate was about 3-4 nm/min and the final film thickness was about 100 nm. The films were annealed at 530℃ for 90 min in vacuum atmosphere. The crystalline quality and orientation of the samples were determined by X-ray diffraction (XRD) using a D/Max-2400 (CuKα1: λ = 0.154056 nm). The morphologies of the obtained VO 2 films were analyzed by field effect scanning electron microscopy (FE-SEM) on JEOL JSM 6700F. The THz transmission properties of VO 2 films were characterized by terahertz time-domain spectroscopy (THz-TDS).
A modelocked Ti sapphire laser (MaiTai form Spectra Physics), which generates 150 fs pulses of 800 nm central wavelength, was used for the emission and detection of pulsed THz waves. The typical THz-TDS system is shown in Fig. 1 . The subpicosecond THz pulses through the sample, then the THz pulses are received by a detector after a period of symmetrical free-space, measuring the resulting electromagnetic field intensity with the change of time (using Fourier transform to obtain frequency-domain amplitude and phase change), and finally get the sample information. In this study, THz radiation is generated using optical rectification in a GaAs crystal and detected using free-space electrooptic sampling in a second GaAs crystal. The generated THz pulses in our system ranged from 0.2 THz to 3.0 THz. 
Advanced Technologies and Solutions in Industry
The XRD patterns of VO 2 films formed on c-and m-plane sapphire substrates show that both films have a preferred orientation relation to the sapphire substrate, as shown in Fig. 2 . It can be noticed from Fig. 2 that the 2θ-peaks at 39.9º and 64.8º are attributed to VO 2 (020) and VO 2 (040) diffractions, respectively. No other diffraction peaks exist, which indicates the obtained VO 2 films have pure phase structure and the preferred growth orientation. Fig. 3 shows scanning electron microscope (SEM) images of two representative VO 2 films grown on c-and m-planes. Both films show well-formed grains with the average size of about 100 nm. The surface morphology of the films would be affected by the annealing process, such as the annealing temperature, time, heating rate, etc. In turn, film microstructure influences the metal-insulator transition (MIT) properties and the THz transmission properties. From the cross-section images, it can be observed that the thickness of VO 2 films prepared in this work is about 80-100 nm. Fig. 3 Top-view SEM images of VO 2 films deposited on c-plane (a) and m-plane (b) sapphire substrates by PLD under identical conditions, the insets are the corresponding cross-sectional SEM images. Fig. 4(a) shows the THz transmission pulses through VO 2 films grown on c-and m-plane sapphire substrates by PLD under identical conditions. The THz time waveforms for two samples consist of the main transmitted pulse followed by low amplitude pulses that resulted from multiple reflections at the substrate-VO 2 film-air interface. The THz amplitude spectra are determined from the Fourier transform of the transmitted pulse waveforms. In order to facilitate the comparison between the different samples, the reflected pulses were not taken into account in the Fourier transform calculations. Fig. 4(b) shows the truncated Fourier transform (without the reflected pulses) of the time-domain transmission shown in Fig. 4(a) . The THz wave transmission rate, Fig. 4(b) , is different corresponding to different frequency, and it can be clearly seen that the THz transmission amplitude intensity of the VO 2 films grown on m-plane sapphire substrate is lower than that of the VO 2 films grown on c-plane sapphire substrate over a broadband THz region. Therefore, it can be concluded from these results that the THz transmission properties through the VO 2 films are strongly influenced by the orientation of sapphire substrate. 
Conclusions
VO 2 films were grown on c-and m-plane sapphire substrates by PLD technique with VO 2 ceramic target. The VO 2 films with preferred growth orientation and uniform dense distribution have been achieved on both substrates. The influence of substrate orientation on the THz transmission properties of VO 2 films were investigated by THz-TDS. The results indicate that the THz transmission amplitude intensity of the VO 2 films grown on m-plane sapphire substrate is lower than that of the VO 2 films grown on c-plane sapphire substrate over a broadband THz region. Further study will be carried out on the relationship between the THz transmission performance and the MIT property of the VO 2 films grown on sapphire substrate with different crystal orientations.
